The internal combustion engine (ICE) is an attractive power source for automobiles, with its superior storability, transportability, and suppliability of liquid fuel with high energy density. Compact ICEs with high performance and a low environmental load are greatly needed. In the future, smart active control of combustion by means of fuel spray injection must be considered as a breakthrough technology to address serious issues related to conventional ICEs, such as emissions. A designed fuel injection rate and spray pattern during the injection period have been technically developed, and combustion can be partially controlled in the conventional ICE. However, spatial fuel distribution is not progressing as desired in the field of combustion; thus, new and effective active control technologies for fuel spray are very necessary for the smart control of combustion. Cavitation, flash boiling, spray-to-spray interaction, spray-to-wall interaction, and air flow have potential as a basis for active attitude control of fuel spray. This article uses evidence from the literature to discuss the possibility of active spray attitude control for future fuel spray combustion technology in a smart compact ICE.
Introduction
The internal combustion engine (ICE) is an attractive power source for automobiles. Our daily lives heavily depend on transportation vehicles based on high-performance ICEs, which have the advantages of superior storability, transportability, and suppliability of liquid fuel with high energy density. However, ICE vehicles are also related to serious issues involving energy resources, the economic situation, and the environment-a ''3E" (i.e., energy, economy, and environment) tri-lemma problem, as shown in Fig. 1 . To solve this 3E tri-lemma problem, more compact ICEs with high performance and a low environmental load are required.
Electricity and other alternative power sources have recently become widely used in light-duty vehicles (LDVs). Fig. 2 [1] shows trends in the LDV market in the United States. Various perspective reports have been produced regarding the expansion market of electric vehicles (EVs). These reports show that the EV market size is slowly expanding, although society wants a rapid and more drastic expansion of the market. The power source of hybrid electric vehicles (HEVs) is liquid petroleum, as in ICEs, and the petroleum engine market will remain as the main market of LDVs in 2050. EVs are a suitable transport technology for maintaining a clean environment. When the electricity of plug-in hybrid electric vehicles (PHEVs) and battery electric vehicles (BEVs) comes from natural energy such as photovoltaics, use of these vehicles contributes to the reduction of greenhouse gas (GHG) emissions. However, electricity is a risky energy source for vehicles due to its lower storability, transportability, and suppliability in the case of unexpected disasters. These disadvantages may be some of the reasons behind the low penetration speed of BEVs into the transportation market.
High-efficiency and low-emission ICEs have been developed using various engine technologies including combustion improvement, after-treatment system development, and a hybrid system with a generator-battery-motor subsystem. For combustion improvement, new designs for the fuel injection rate and spray pattern during the injection period have been technically developed, and combustion can now be partially controlled in a conventional ICE. As a result, high-performance and low-emission engines have recently been commercialized.
This article proposes the new concept of attitude control of a fuel spray. Fuel spray attitude involves the configuration, movement orientation, and relative position of the fuel spray in the combustion chamber. The concept of attitude control includes: ① prediction of the current attitude, including spray penetration, spray width, and the plume angle of the spray; ② determination of the desired spray attitude in the chamber space; and ③ use of active control hardware to obtain the desired attitude. In the combustion field, a great deal is known about spray behavior, but little information is available concerning desired spray behavior. Thus, active control technologies for fuel spray attitude have not yet been developed. However, the establishment of a desired spray concept and the development of effective active control technologies for fuel spray are very necessary for the smart control of combustion. Cavitation, flash boiling, spray-to-spray interaction, spray-to-wall interaction, and air flow have potential as a basis for the active attitude control of fuel spray. This article uses evidence from the literature to discuss the possibility of developing active spray attitude control in order to achieve a suitable spray for future fuel spray combustion technology in smart compact ICEs.
Passive and active fuel spray control
It is well known that formation of the fuel spray mixture is the most important governing phenomenon of diesel combustion [2] ; it is also a key process of the formation of the combustible mixture in a direct-injection spark ignition (DISI) engine. Fig. 3 shows how diesel spray dispersion in the combustion chamber contributes to the improvement of diesel combustion [3] . A wide spray angle of well-penetrated spray, along with high swirl and an intense squish air flow contribute to the formation of a suitable combustion mixture that is spatially dispersed in the chamber. The heatrelease rate is considered to be controlled in order to obtain high power and reduce the combustion noise, NO x , and soot emissions, as illustrated in Fig. 4 [4] . It can be controlled using the fuel injection rate (time phase control). Injection rate control has become the main technology target of recent studies on advanced diesel combustion [5] .
In order to discuss the active attitude control of spray, it is necessary to clarify the spray parameters to be controlled and the controlling methods used to do so. Table 1 summarizes the items and methods involved in fuel spray control. The spray tip penetration, spray angle, and microscopic structure of the fuel spray are the main items involved in fuel spray control. These are usually considered to be the characteristics of the spray. Other major regions are likely to have a similar evolution; diesel in Europe is currently at about 50 % of ICEs sales, but that fraction is slowly decreasing [1] . FCHEV: fuel cell hybrid electric vehicle; NASI: natural aspirated spark ignition engine; TCSI: turbo-charged spark ignition engine. Fig. 3 . Diesel spray combustion [3] .
However, relative characteristics involving the combustion chamber configuration and combustion condition are also important for spray attitude control because the desired attitude of the spray usually changes with changes in the chamber configuration, engine speed, load, and so on.
The methods used for fuel spray control can be classified into static and dynamic methods. Items that are controllable by static methods are the design parameters of the fuel spray injection, which usually remain unchanged under different engine operating conditions. However, some controllable items-classified as dynamic parameters-should be artificially changed for different engine speeds and loads. Such items are further classified into passive and active control items. Passive control items are controlled in a subsidiary manner to other parameters. For example, the injection rate of fuel changes in a subsidiary manner with changes in engine load. Similarly, while flash boiling of gasoline spray is usually observed in the early injection phase of a DISI engine, it cannot be controlled autonomously.
In contrast, active control items are autonomously controllable parameters. However, active control methods for these parameters have not been developed. The implementation of such active control methods will lead to great advancement in active fuel spray attitude control and in ICE technologies.
The following section discusses the possibilities of active control, with a particular focus on the active attitude control of fuel spray that is suitably dispersed in the chamber. Examples of attitude-controlled fuel sprays are provided in Fig. 5 , which shows spray attitude control during the injection period. Once the active control of spray injection becomes possible, it will result in suitable fuel vapor distribution corresponding to the engine speed and load.
There are two kinds of spray control: time phase (temporal sequence series) control, such as injection rate control; and spatial phase control. With the full utilization of up-to-date spray technologies, artificial control of spray dispersion in a space can be partially attained by appropriately designing the spray angle and wall impingement. However, a new spray dispersion control principle is needed for future engine development-in other words, ''spatiotemporal control" of the fuel spray is needed.
Passive fuel spray control
It is well known that gasoline direct-injection (GDI) spray is affected by the gas density in the cylinder. Fig. 6 shows examples of gasoline spray being injected and evaporated in low and high gas density surroundings [6] . In these examples, the injection pressure of the gasoline spray is 20 MPa and the surrounding temperature is 700 K-a temperature that is high enough for evaporation. The photos in Fig. 6(a) show spray behavior corresponding to naturally aspirated (NA) engine operation. Three fuel plumes and fuel vapor trace can be observed. The photos in Fig. 6 (b) depict sprays corresponding to turbocharged engine operation. Due to the high surrounding gas density, the spray penetration is shortened and its penetration direction is changed from the original direction. Three spray plumes can be seen to be gathering together, due to the lack of air entrainment inside the plume cone. Fig. 7 [6] illustrates the analysis of the liquid and vapor plumes shown in Fig. 6 . Fig. 4 . Change of the heat-release rate profile for diesel combustion improvement [4] . The differences in the spray and vapor plumes under these two conditions come from the differences in spray attitude, which depends on the surrounding gas density. These differences result in different fuel vapor distributions in the cylinder and affect the combustion quality related to the operation condition of the engine. Detailed information-such as the surrounding gas density-is needed on the fuel distribution under each operating condition. Many reports are available on spray attitude behavior [7, 8] . However, spray behavior is controlled in a subsidiary manner to the surrounding gas density, and cannot be controlled autonomously. If the injection direction of a multi-hole injector could be actively controlled, the desired vapor plumes could be obtained independently from the surrounding pressure.
Wall impingement is an inevitable phenomena of diesel spray; its impingement behavior is investigated with spray tip penetration. This kind of information is useful for matching the design of the combustion chamber configuration with that of the injection system, including the diesel nozzle and injection pressure. Fig. 8 shows a typical diesel spray impinging onto the wall [9] . The dispersion of the wall impingement spray is very different from that of the free spray. A great deal of research [3] has been conducted on wall impingement spray in order to obtain a suitable diesel spray, as shown in Fig. 3 . However, spray dispersion is controlled in a subsidiary manner by the wall impingement angle, and thus cannot be changed during the injection period. Fig. 9 shows the typical behavior of normal impingement diesel spray. Here, the spray behavior is evaluated using the radial penetration length after impingement. The effect of the injection mass on the penetration is small because the spray tip movement is governed by the initial injection part of the spray; however, the injection pressure has a strong influence on the penetration. Spray tip penetration after impingement is controlled by the wall inclined angle, wall distance, and injection pressure. Therefore, diesel spray dispersion in the combustion chamber cannot be designed independently from these static control parameters.
The attitude of the impingement spray is mainly controlled by the impingement distance and impingement angle. The effects of these controlling parameters are dominant, and they are usually matching parameters of the fuel spray and combustion chamber [2] . Active control of the impingement spray attitude might be possible if the piston configuration could be changed during engine operation.
Active fuel spray control

Variable geometry nozzle
Nozzle geometry is an interesting design parameter of the nozzle. For a diesel injector, an adequate nozzle length and length-to-nozzle-diameter ratio (L/D) are usually selected in order to obtain the widest spray angle. Divergent and convergent nozzles are sometimes used to change the spray. The spray tip penetrations and spray angles of designed sprays are investigated as representative spray characteristics for injection conditions. Regarding a special configuration nozzle, a trial of a V-type intersecting nozzle Fig. 6 . Liquid spray comparison between (a) lower gas density conditions and (b) higher gas density conditions using raw images and detected contours. t ASOI : time after start of injection [6] .
can be found in the literature [10] . As shown in Fig. 10 [10] , two nozzle holes meet together at the exit position. Fig. 11 [10] shows the angle of the spray injected through the V-type nozzle; it can form a flatness spray plume with an elliptical cross-sectional structure. This suggests the possibility of spray attitude control by means of nozzle geometry change, although it is not possible in terms of practical technology.
Investigation into the characteristics of a spray formed by V-type nozzle has recently become popular, and a great deal of useful information has been accumulated [11] . However, few attempts have been made to apply this knowledge to active attitude control. Individual flow rate control for the A-O and B-O nozzles shown in Fig. 10 forms the basis for active control, and nozzle cavitation control, which will be mentioned later in this work, will provide a solution.
Other evidence indicating the possibility of spray attitude control can be found in the off-axis needle valve motions shown in Figs. 12 and 13 [12] . Here, the spray penetration direction and length are obviously changed by the offset of the needle valve. According to the original result of this research, the offset of the needle lift should be suppressed in order to ensure good reproducibility of the diesel spray for precise control of diesel combustion. However, this result suggests the possibility of spray attitude control by means of needle movement. X-ray shadowgraph technology to observe the off-axis movement of the needle has recently been developed [13] [14] [15] . The next step in establishing the new attitude control is offset ratio control by means of a new actuator.
The two examples provided above are research works intended to determine the spray characteristics that are affected by nozzle geometry. However, a more important point of these works is that [9] . h: impingement angle. they indicate the possibility of artificial control of the spray attitude. Based on the above research works, the present author has developed the following two conceptual ideas for artificial spray attitude control during the injection period.
The first conceptual idea is a method of diesel spray control by means of needles with various geometries. The needle lift can be changed by the injection pressure of the fuel. This suggests the possibility of artificial control of the needle lift by injection pressure during the injection period. Fig. 14 illustrates the conceptual ideas of a throttling pintle needle and a sub-needle connected by a spring. These forms of needle control might result in changes in the spray attitude during the injection period, as shown in the figure. Fig. 15 illustrates the second idea for a DISI injector, in which a swinging orifice plate or nozzle-choking mechanism is adopted. In this idea, an additional actuator for plate swinging or nozzle choking is needed. It is the opinion of this author that future development of micro-electromechanical systems (MEMS) technology will make it possible.
Injection rate
A recent cutting-edge technology involves injection rate control by regulating the piezo stack voltage of a common rail diesel injector. As shown in Fig. 4 , time-dependent control of the fuel spray supply is the substantial meaning on heat-release rate control; many trials have been performed, and some methods have been commercialized. Figs. 16-18 provide an example of injection rate control by means of the piezo stack voltage [8, 15, 16] . The stack voltage is controlled by a proportional-integral-derivative (PID) controller unit. Once the frequency responses of the piezo and the main moving parts, such as the needle, are improved, this system will allow more detailed and precise control of the injection rate. Various methods of injection control have recently been proposed [17, 18] .
In addition to the future improvement of precise injection rate control, control of spray penetration direction and spray attitude is desired, because suitable fuel dispersion in the combustion chamber space depends greatly on the engine speed and load. A double acting needle and other difficult methods such as that shown in Fig. 14 must be considered for more advanced smart injector technologies.
Nozzle cavitation
Cavitation at the inlet of the nozzle or orifice promotes liquid jet breakup because cavitation bubble disruption results in intense turbulence in the flow inside the nozzle. When an asymmetric configuration is adopted for the inlet port of a nozzle, the breakup and spray formation phenomena differ when examined side to side [19] . Fig. 19 [19] shows evidence of asymmetric spray formation. The left side of the inlet port has a smooth entrance of 45°, and no cavitation is induced. On the other hand, strong cavitation is induced at the right side of the inlet port, where the entrance has a sharp edge of 90°. The breakup process of the liquid jet is well promoted at the right side of the nozzle. The direction of the issuing spray jet is then distorted to the right side, and the spray dispersion is completely different from the spray that is injected from an axisymmetric nozzle. This finding suggests the possibility of jet direction and dispersion control by means of cavitation.
This phenomenon is usually known as less axisymmetric spray formation, which is not suitable for precise combustion control, and axisymmetric geometry of the inlet port is recommended. However, when the inlet configuration is artificially changed during the injection period, the injection direction and spray dispersion can be changed and suitable spatial dispersions can be respectively formed for various combustion conditions.
The asymmetric inlet effect has also been confirmed using a large-scale diesel injector model [20] . Fig. 20 [20] shows an enlarged injector model and a method to change the inlet condition. The asymmetric inlet is caused by an eccentric set of the needle. Two kinds of cavitation can be observed in Fig. 21 : the sheet cavitation that is stuck at the entrance edge of the nozzle, which is known as general nozzle cavitation; and the vortex cavitation (vortex tube) that originates on the surface of the needle. The spray dispersion angles shown in the left column of the photos are drastically widened by this vortex cavitation.
Injection rate control is the fundamental parameter of engine operation, and is determined by the injection pressure and period of injection. Since the discharge coefficient of a nozzle has a strong relationship with the nozzle cavitation, cavitation control for reproducible spray or steady cavitation is considered to be suitable for precise control of combustion. Figs. 22 and 23 show the effect of nozzle geometry on the discharge coefficient [21] . In this research work [21] , the discharge coefficients of the convergent and divergent nozzles are compared with that of a conventional cylindrical nozzle.
The intensity of nozzle cavitation is evaluated by the cavitation number. Intense cavitation sometimes results in a hydraulic flip flow, and the discharge coefficient decreases obviously. Conventional operation range of a diesel nozzle over a range of cavitation flows and constant discharge coefficients is desirable for injection rate control. The convergent nozzle shows no cavitation flow, as it comes from the low-pressure decrease at the inlet. This appears to be suitable for injection rate control, whereas a wide angle spray is not expected for a convergent nozzle. Regarding cavitation in a diesel nozzle, the nozzle shape effect and fuel temperature effect were recently demonstrated [22, 23] .
Both sheet cavitation and string cavitation (vortex cavitation in Fig. 21 ) result in a wide spray angle. Fig. 24 summarizes the effect of cavitation on diesel spray combustion [24] and shows that string cavitation can more effectively improve the formation process of diesel spray, resulting in easy ignition and a wide flame. String cavitation usually originates at the surface of the needle. However, in a multi-hole nozzle, concatenation of the cavitation strings occurs in the sac space. Although this situation might result in stronger string cavitation, its occurrence is hard to control.
A typical characteristic of string cavitation is its onset position. The present author's proposal for cavitation control involves an additional cavitation trap on the surface of the needle. Fig. 25 shows a conceptual idea for string cavitation control. If a groove is cut on the surface of the needle, steady string cavitation might start and develop from the groove (Fig. 25(a) ). Following the needle lift movement, the position of the string cavitation moves from the lower side of the nozzle inlet to the upper side. This situation might cause a change in the spray dispersion direction, as shown in Fig. 25(b) . 
Flash boiling
Flash boiling of liquid fuel is observed when superheated fuel is injected [25] [26] [27] [28] . Even though the fuel temperature is not particularly high, a superheated fuel condition also occurs when fuel is injected into a cylinder in which the in-cylinder pressure is lower than the saturated pressure of the fuel. Flash boiling involves a sudden phase change from liquid to vapor. When the superheated temperature is not particularly high, partial flash boiling is induced at the outlet of the injector, where the fuel static pressure falls from the injection pressure to below the saturated pressure of the fuel. Fig. 26 [25] shows a typical example of a partial flash boiling spray. Compared with normal spray, the spray angle increases and the tip penetration decreases. It is notable that part of the injected fuel suddenly changes to the vapor phase while the other part remains in the liquid phase as a spray. This results from the heat balance of the excess enthalpy of the injected fuel and the latent heat of the flash boiling part of the injected fuel. Quick evaporation of the whole spray and a wide angle of the spray/vapor plume are apparent features of a flash boiling spray.
When the fuel is injected through a multi-hole injector such as a DISI injector, the wide angle of the spray plume results in interaction among neighboring spray plumes. Fig. 27 [26] summarizes the results of a flash boiling spray. When the surrounding pressure decreases to the under-saturated pressure of the fuel, flash boiling partially starts, resulting in widening of the spray angle. As the surrounding pressure decreases, the spray angle increases and eventually induces interactions between the neighboring spray plumes. This leads to a decrease in the plume-to-plume distance; finally, collapsing of the multi-plume configuration occurs.
A wide spray angle and quick evaporation of the flash boiling spray is suitable for mixture formation. However, quick evaporation means a quick loss of the penetration momentum, and prevents homogeneous dispersion of the fuel vapor into the whole cylinder. In particular, when collapsing is induced by strong flash boiling, the fuel vapor concentration in a center zone of the multi-hole spray remains high. Fig. 28 shows a conceptual application of collapsing fuel spray to attain an axisymmetric stratified fuel charge system. In this case, ignition is forced at the stoichiometric fuel vapor zone in the center, and flame propagates to the lean mixture located near the cylinder wall. This setup might prevent end-gas knocking because no rich mixture exists near the wall. Here, a high-response micro heater is needed in order to control the fuel temperature.
Spray-to-spray interaction
There are three possible cases of spray-to-spray interaction [29] : liquid jet to liquid jet interaction and secondary atomization at the impingement point, which is well known; the interaction of fully developed sprays; and liquid jet to fully developed spray interaction. 23 . Effect of nozzle geometry on discharge coefficient [21] . C d : discharge coefficient. Fig. 24 . String cavitation effect on diesel combustion [24] .
The 90°and 60°impingements of fully developed sprays are shown in Fig. 29 [29] . The fundamental behavior of the fully developed spray plume is similar to that of a gaseous plume, and the impingement behavior of these sprays is easily imaged based on a fluid dynamics analysis of the gaseous jet. Two impingement sprays are gathered together. The spray penetration direction changes from the original direction to a newly developing direction, and a swelled spray is newly developed after impingement. The spray does not penetrate in the original direction, and the penetration length decreases due to the loss of momentum. The velocity and momentum component normal to the impingement interface is dispersed as turbulence. The newly developed spray then swells and the penetration momentum decreases. Fig. 30 shows an example of liquid jet to fully developed spray. In this situation, the penetration direction of the liquid jet is maintained after impingement. In other words, the liquid jet can control the penetration direction of the fully developed spray.
The principal effect of spray mutual interaction is the momentum loss of the original sprays. Many applications of this effect can be considered. Fig. 31 shows two applications proposed here. Fig. 31(a) depicts short-penetration diesel spray formation. This application requires not only spray-to-spray interaction technology, but also additional turn-back spray technology, which will be mentioned later in this paper. Using this concept, wall impingement that forms undesirable fuel film on the wall could be avoided. Fig. 31(b) depicts a stratified fuel charge for a GDI engine. Spray-tospray interaction technology is useful for the formation of spatially stagnated spray. Fig. 32 shows the typical behavior of a diesel spray injected into a modeled transparency combustion cavity. The cavity diameter is 60 mm. The fuel spray is injected into a high-pressure cavity (1.5 MPa) by means of a common rail injection system with 90 MPa. Here, three spray plumes formed by the six-hole injector are illuminated, and another three spray plumes are cut by means of elimination pipes in order to maintain a clean image. Due to the high speed and high momentum of the diesel spray, the main part of the spray is impinging onto the cavity wall. This results in more important behavior of the mixture formation than of the nonimpingement spray.
Spray-to-wall interaction
The impingement behavior of the spray depends greatly on the impingement angle, as shown in Fig. 8 . However, much of this information is concentrated into the wall-spreading spray of normal impingement, because all of the typical behavior of the impingement spray is echoed in the behavior of a normal impingement spray. The photo depicts the laterally spreading spray, fuel film on the cavity surface, mutual interaction by neighboring spray, and turn-back spray along the bottom of the cavity.
When an impingement wall has a recess at the impingement point of the spray, the spray behavior after impingement is different from that in the case of flat wall impingement [30] . Fig. 33 [30] shows examples of spray reflection from the recessed wall. In this case, the diameter of the recessed hole becomes the main parameter determining the spray reflection. When the recess diameter is larger than the spray width before impingement, the spray is reflected from the wall, and lateral expansion is suppressed. In other words, turn-back spray is formed. When the recess diameter is smaller than the spray width, no obvious effect of the recess is observed. This finding suggests that the small-scale surface roughness of the impingement wall has no effect on the apparent behavior of the impingement spray. On the other hand, there is a possibility that spray reflection can be promoted by a curved surface.
Fuel film may form on a wall. To determine the wall film movement, a bottom view observation setup has been used, as shown in Fig. 34 [31] . The impingement wall of this setup is a glass plate with a width of 40 mm, where a part of the impingement diesel spray spreads beyond the side periphery of the glass plate. In the . Spray-to-spray impingement [29] . Fig. 30 . Jet-to-spray impingement [29] . photos labeled t = 1.10 and 1.66 ms, a trace of impingement spray or thick fuel film can be clearly observed around the impingement center; its diameter corresponds with the diameter of the diesel spray before impingement. Around this thick trace, a thin flared trace appears. At t = 2.35 ms, this flared trace can be observed not only on the glass plate, but also outside of it. There is no difference between the flared traces on the glass plate and those outside. Since the movement of the adhered fuel film is restricted by the high viscosity of the liquid fuel, it is doubtful that the flared trace is an adhered fuel film on the glass plate. There is a possibility that the fuel film or dense spray is slipping on the glass. This spray behavior suggests many implications regarding the control of flame development, as explained in Fig. 35 . Another important motion of the impingement spray in a practical combustion cavity is backward or returning spread from the impingement wall in the nozzle direction [32] . Fig. 36 [32] depicts the typical flow in a two-dimensional (2D) model cavity. After impingement, the spray flows down to the bottom of the cavity; then, it returns in the nozzle direction. This type of movement is called a vertical vortex. The photos show a kind of turn-back spray; however, the turn-back pattern is different from that induced by the recessed wall shown in Fig. 33 . Instead, the pattern looks like a wall-guided turn-back. It can promote internal burned gas mixing (i.e., internal exhaust gas recirculation (EGR)) to the spray when combustion occurs in the vertical vortex spray. The spray tip penetration after impingement and the intensity of the vertical vortex along the bottom wall can be changed by the configuration of the cavity. It is very difficult to identify these flames separately in direct combustion photographs obtained from an optical engine; however, they can easily be separated in an analysis of numerical simulation results. Each flame contributes heat release, heat loss through the wall, and undesirable emission formations. However, the contribution manner is different for each flame. The development of each flame is strongly related to the spatial movement of the fuel spray. Thus, spray attitude control or spray dispersion control in the combustion space becomes a key process in combustion design.
When a diesel spray develops along a wall surface, deviated development occurs due to the Coanda effect of the flow [33] . [33] provides typical evidence of this effect, as observed in the spray development on a curved surface. When the spray is injected along a curved wall, the spray trajectory is deviated in the wall direction by the force of the Coanda effect. It is considered that the bulk movement of the spray is similar to a gaseous jet; thus, the spray movement can be controlled in numerous ways using the aerodynamic effect of the wall. Fig. 38 [33] illustrates the conceptual idea of spray attitude control by means of the Coanda effect. Here, adjustments in the injection timing result in the on-off control of the Coanda effect. In this way, spray dispersion in the bottom direction could be obtained by the Coanda effect, whereas top land dispersion of the fuel spray could be promoted when the Coanda effect is not induced.
Air flow
Air flows such as swirl, squish, and tumble have well-known effects on spray dispersion. Many trials have been done on the effective utilization of air flow. Detailed descriptions of these effects can be found in the literature; however, they are not within the scope of this paper and are thus not included here. The combination of a smart injector and controlled air flow will greatly advance improvements in engine combustion.
Conclusion
The ICE requires further development in order to fill the role of the main power source of transportation vehicles. Many kinds of improvement have been attempted for cutting-edge engine technologies. However, these technological improvements will stagnate in the near future because most engine technologies are classified as mature technologies. In order to break through this stagnation in technological development, new ideas and new technologies from other fields of technology must be incorporated into the field of engine technology.
As a first step in this endeavor, this article discusses the possibility of active spray attitude control for future fuel spray combustion technology in smart compact ICEs. However, many new technologies are required in order to achieve this aim. For example, nozzle geometry and cavitation control during the injection period need a high-response micro actuator. Furthermore, MEMS technology is one candidate for a breakthrough technology that should be incorporated into the field of engine technology.
Artificial spray attitude control is an attractive concept for a breakthrough technology that is relevant to the smart injector. This perspective review reports some conceptual ideas on this topic, but does not explain the technologies required to achieve them nor discuss expected improvements. In order to develop practical breakthrough technologies, new technologies must be surveyed and young engineers and researchers must be fostered to meet this challenge. 
